We have explored the possibilities of scenarios with heavy gluinos and light stops in supersymmetric (SUSY) standard models with extra vector-like multiplets. If we assume the hierarchical structure for soft masses of the minimal supersymmetric standard model (MSSM) scalar fields and extra scalars, the light stop and the observed Higgs boson can be realized. While the stau is the lightest SUSY particle (LSP) in broad parameter space, we have found that the neutralino LSP is realized in the case that the non-zero soft parameters for the MSSM Higgs doublets or the non-universal gaugino masses are assumed.
Introduction
the light Higgs mass gets a large radiative correction, so that the observed Higgs mass is realized. The FCNC processes may be suppressed if the choosen sfermion masses are zero at the initial scale. Thus, our setup is consistent with various observations while lighter sparticles may be predicted.
A hierarchical structure for soft masses between the MSSM and vector-like extra matters may be realized in the context of gaugino mediation scenarios (e.g., Refs. [12] [13] [14] ). In these scenarios, only gauginos couple to the SUSY-breaking brane, and the sfermions in the MSSM feel the SUSY breaking via the gaugino loops. If the vector-like extra matters also couple with the SUSY-breaking brane, their soft masses may be larger than the gauginos at the input scale since the gaugino masses are suppressed by the U (1) R breaking. As a result, smaller sfermion masses are expected, as explained above, even if the gauginos have a mass of several TeV due to the additional negative contribution. Here, the MSSM Higgs multiplets may be coupled with the SUSY-breaking brane or they may not. The soft terms for the MSSM Higgs doublets are model dependent.
At first glance, this setup looks to include fine-tuning since the two-and one-loop contributions to sfermion masses are comparable with each other. This might come from some dynamics in which the gaugino masses are suppressed by one-loop factors. In addition, if the two-loop contribution is much larger than the one-loop one, such theories are not for our universe since the vacua would break color and/or charge. If the probability distribution for the soft masses of the extra matters is an increasing function, our proximity to the tachyonic boundary may be understood in the context of the anthropic principle.
Similar work has been done in the context of composite supersymmetric models [15] . We suggest another picture for the scenarios with heavy gluino and light stop, in which the perturbative description works well until the GUT or the Planck scale.
The organization of this paper is the following: in Section 2, we will discuss our modelstheir particle contents and initial conditions for soft parameters. Next, we will give the numerical results on the light Higgs mass and the light stop mass in our models. In this study we use the RGEs at two-loop level, as shown in Appendix A. Finally, we conclude our study in Section 4.
Model
First of all, we briefly give the details of our model. Throughout this paper, we consider supersymmetric models with vector-like extra matters, as mentioned in Section 1. If they are in SU (5) irreducible representations (e.g., 5 + 5 or 10 + 10 ), the unification of gauge couplings is maintained [5] . For simplicity, we assume that the extra matters do not mix with the MSSM fields.
The superpotential for our model is given by
where the first four terms are the ordinary MSSM superpotential. Here, we suppress the gauge indices. Q i and L i are the SU (2) L doublet chiral superfields including left
In Appendix A, we show the modification of the RGEs in the presence of the extra matters. Here, we give the approximate analytic solutions of RGEs for soft masses in the first and second generations. The RGE for the soft masses m 2 s is dm
Here, C A (s) and S A (s) denote the quadratic Casimir invariant and the Dynkin index for the chiral multiplet s. The summation in the bracket is dominated by the contribution from the extra matters in our setup. The Yukawa coupling constants are negligible in this equation. Assuming m 2 s = 0 at the initial scale Λ, the approximate solution is given by
where b A is the one-loop coefficient of the β-function for gauge coupling g A . It turns out that the condition for no tachyonic sfermion is
Here, we use the fact that (α A (Λ)−α A (µ))/b A > 0 regardless of whether the corresponding gauge interaction is asymptotically free or not. This condition implies that the large mass hierarchy between the gauginos and vector-like extra matters leads to the light sfermions even if the gauginos are much larger than 1 TeV. To be more concrete, if the soft masses of the extra matters are about ten times larger than those of gauginos, the dominant contribution to the sfermion mass is approximately cancelled. The squared masses for the third-generation sfermions are reduced more than those for the first two generation sfermions due to the one-loop contribution from the Yukawa couplings to the RGEs. This is plausible from the naturalness point of view. The stop masses in the RGE for m 2 Hu are smaller, so that the absolute value of m 2 Hu is smaller. This means that the fine-tuning between the supersymmetric mass and soft masses in the Higgs potential is relaxed.
In the next section we show some phenomenological studies for our setup. There we only introduce a pair of 5 + 5 multiplets in our numerical analysis. If many pairs of 5 + 5 and 10+10 are introduced and the constrained MSSM spectrum is assumed, the observed Higgs mass is realized as the framework of the large A-term scenario even without large soft masses for extra matters [16, 17] , though the stop masses are heavier. Introduction of the larger multiplets or many fields would make our points unclear, so we consider the case of a pair of 5 + 5 multiplets.
Numerical Results
In this section, we present our numerical results for the light Higgs mass and the light stop mass in the SUSY SM with a pair of 5 + 5 multiplets.
Before we show our numerical results, we briefly summarize our procedure to evaluate the low-energy mass spectrum. We give initial conditions for soft parameters at the GUT scale (= 2 × 10
16 GeV), and we evolve the soft parameters with the RGEs at the two-loop level [18] . We also obtain the gauge couplings and Yukawa couplings at the GUT scale by using the two-loop RGEs for them [19, 20] . We set the SUSY-breaking scale to be 1 TeV, and then we treat the effective theories above the SUSY-breaking scale as the SUSY SM with extra matters. The modification of RGEs due to extra matters is shown in Appendix A.
Since the soft parameters for the MSSM Higgs doublets m at the SUSYbreaking scale are determined by the RGE evolution, we evaluate the supersymmetric higgsino mass µ H and the holomorphic Higgs soft mass b-terms via the conditions for potential minima,
Here,
are the vacuum expectation values (VEVs) for the neutral components of the MSSM Higgs doublets, and tan β = v u /v d is the ratio of VEVs. ∆V denotes the one-loop effective potential. Then, we obtain the low-energy Higgs mass with the use of SPheno [21] . In this study, we do not include finite threshold corrections to the scalar soft parameters [22] , though we use the two-loop RGEs for them. This is because the finite corrections are expected to be a subdominant contribution and strongly depend on the supersymmetric mass parameters for the vector-like extra matters.
First, we assume the GUT relations for soft parameters as input parameters. To be more concrete, we impose the no-scale type initial conditions for only the MSSM multiplets, that is, the soft parameters are zero except for the gaugino masses and b-term at the GUT scale. Furthermore, we also impose the initial conditions for the gaugino masses and soft scalar masses of extra matters to be degenerate, and their masses are denoted by M 1/2 and m 2 vec , respectively. Unless we mention otherwise, the soft masses for the MSSM Higgs doublets are set to be zero. We take tan β = 10 and µ H > 0 for simplicity in this paper.
In Fig. 1 , we show the numerical results of the light Higgs mass (left panel) and the light stop mass (right panel) in the aforementioned setup. The numbers in these panels indicate the Higgs mass in GeV (left panel) and the light stop mass in TeV (right panel). The observed Higgs mass (125 GeV) is realized on the red solid line in each panel. The green shaded region corresponds to the case that the stau becomes tachyonic, and thus the region is excluded due to the charge-breaking minima. The red shaded region in the bottom left side of each figure shows that the mass of gluinos is below 1.9 TeV. The cyan solid line illustrates the boundary where the LSP is changed; the LSP is the bino-like neutralino above the line while it is the light stau below the line.
In this setup, the soft masses for all scalars in the MSSM receive a negative contribution from heavy extra matters. The positive contributions from gaugino masses to sleptons are smaller than those to squarks since M 1,2 and g 1,2 are smaller at the low-energy scale. As a result, the right-handed stau may be the lightest sparticle and become tachyonic. Here, we show only the most stringent constraint (tachyonic stau in this figure). As we will see below, there are other constraints such as the color-charge breaking vacuum (tachyonic stop: m 2 Hu > 0). Such constraints in Fig. 1 hide behind the constraint from the tachyonic stau. Fig. 1 shows that we cannot explain the 125 GeV Higgs boson with a stop below 1.5 TeV in this setup. This is because the stau is tachyonic when the 1 TeV stop is realized.
Next, in order to avoid the tachyonic stau, we assume that the colored scalars in the extra multiplets obtain non-zero soft scalar masses, while the soft masses for the non-colored ones are zero or negligible at the GUT scale, as
The sleptons do not get much negative contribution from the extra matters by imposing this condition. In Fig. 2 , we show the numerical results of the light Higgs and the light stop masses under this condition. In this case, the tachyonic stop gives a severe constraint. The gray shaded area is excluded due to the tachyonic stop. The stop is the LSP in the navy shaded region. The blue solid lines in both figures correspond to the light stop with a mass of 1 TeV. Near the boundary of the charge-color breaking vacuum, the large A-term is realized due to the large input value for the gaugino mass M 1/2 , and then the radiative correction to the Higgs boson mass is enhanced. Since the A-term, however, becomes somewhat larger than the stop mass as the value m vec approaches the boundary, the observed Higgs mass cannot be realized. Indeed, the radiative correction to the light Higgs mass is maximum when A t /m t ∼ √ 6. The larger A-term suppresses the radiative correction. Thus the light Higgs mass contour lines are parallel to each other near the tachyonic stop boundary.
It is known that the large A-terms lead to new deep charge-color breaking (CCB) minima [23] . Near the stop LSP boundary, the deep CCB minimum appears. Above the boundary, the simplified condition (for example, see Refs. [23, 24] )
is satisfied. Here, all soft parameters are estimated at the renormalization scale µ = 1 TeV. While there are other CCB directions of the scalar potential, it is found that the CCB directions for sbottom and stau do not particularly constrain the parameter region. On the red solid line where the 125 GeV Higgs boson is realized, the deep CCB minimum does not appear. Even in the remaining results of this paper, the deep CCB minimum is irrelevant to explain the lightest Higgs mass. Fig. 2 shows that the light stop with a mass of less than 1 TeV and the observed mass for the light Higgs are compatible with this scenario. Even though we reduced the negative contribution to the soft masses for the sleptons, the LSP is still stau in this region. While the stau (next-to-)LSP scenarios are severely constrained if the R-parity is conserved, it is possible to evade such constraints when the R-parity is slightly broken. [25] [26] [27] for the collider phenomenology of the stau (N)LSP scenario, and Ref. [28] for the thermal leptogenesis scenario with R-parity violation and the gravitino LSP. Even if the R-parity is conserved, the stau NLSP is still allowed in the axino DM scenario (see Ref. [29] ).
Next, we consider the cases of avoiding the stau LSP scenario. We devote the last part of this section to the following two cases: (1) . Here, at the GUT scale,
while we set zeros for squarks and sleptons as in previous figures. We also assume the same condition for the extra matters as Eq. (9), so that the tachyonic stop is the strongest constraint in the large m 2 vec limit. In addition to the tachyonic stop region, there is the region of no EWSB since the negative correction to m 2 Hu via the RGEs is smaller; this is shaded yellow in Fig. 3 . Two cyan lines illustrate the boundary where the LSP changes into the other sparticle. The stau is the LSP in the medium region between the two cyan lines. Above the upper line the bino-like neutralino LSP is realized, while the higgsino-like neutralino is the LSP below the bottom line. The stop is the LSP in the navy shaded region. In the tiny region around the no EWSB boundary, the higgsino-like neutralino is the LSP, the observed Higgs mass, and the stop with a mass of about 1 TeV. Another possibility to avoid the stau LSP is the non-universal gaugino mass condition at the GUT scale.
2 If the bino is heavier than the other gauginos, we can easily shift all sfermion masses up. The neutral wino and higgsino are the candidates for the LSP in this setup. We assume the initial condition for gaugino masses as follows:
Here, the gaugino mass ratios are just assumed to raise the right-handed stau mass. The numerical results under this boundary condition are shown in Fig. 4 . In this figure, the LSP dominates the neutral component of the wino in the whole unshaded region. From this figure, we see that the stop mass around 1 TeV, the observed Higgs mass, and the wino LSP can be realized. Finally, we comment on the mass spectra at sample points. The columns for Models 1-4 in Table 1 show the mass spectra at certain points of Figs. 1-4 , respectively. In particular, we set the input values for the gaugino mass and soft masses for the extra matters in order to realize the observed Higgs boson mass. In Table 1 , we show the light Higgs boson mass, the third-and first-generation sfermions, gluino, neutralinos, and A t from top to bottom. A t is estimated at the renormalization scale µ = 1 TeV in this table.
In the model points 2, 3, and 4, the light Higgs boson with a mass of 125 GeV is realized with 800-1000 GeV stop and roughly 3 TeV gluinos. In order to compare our results to the MSSM with the use of Spheno, we show two examples of mass spectra with the minimal supergravity (mSUGRA) initial condition in Table 2 . We take tan β = 10 and sign µ H = +1, again. To see the difference from the mass spectra in the presence of the extra matters, we set an initial condition as in the gaugino mediation scenario, m 0 = A 0 = 0, and M 1/2 = 1.9 TeV, in the first column. In the absence of extra matters, the stop is much heavier than 1 TeV at low energy since there is no cancellation of the one-loop RGE effects from the gaugino masses. The second column shows the mass spectrum in the context of the large A-term scenario. Even in this case, in order to explain the 125 GeV Higgs boson and the 1 TeV stop simultaneously, the gluino cannot be very heavy naïvely since the gluino mass dominates the RGEs for soft parameters.
Conclusions and Discussion
In this study, we have explored the possibilities that the theories with a heavy gluino predict a lighter stop mass (∼ 1 TeV) and the observed Higgs mass (∼ 125 GeV). We have introduced additional vector-like matter in the SU (5) complete multiplets. In particular, > 0 is assumed at the GUT scale, the higgsino-like neutralino is the LSP near the boundary for no EWSB. In the non-universal gaugino mass scenario in which the bino is heavier than the other gauginos, the neutral wino is the LSP.
Hierarchical structure in soft parameters is motivated by the gaugino mediation mechanism. The soft parameters for gauginos and scalars in vector-like extra matters are assumed to be non-zero values since they are coupled with the SUSY-breaking brane directly. The scalars localized on our brane (squarks and sleptons) obtain no soft masses at tree level. The hierarchical structure gives a negative contribution to the scalar soft mass squared for squarks and sleptons. The large gaugino mass at the input scale leads to large values for the A-terms. As a result, we found that the observed Higgs mass could be explained in scenarios with a heavy gluino and light stop.
We note that we have determined the initial conditions for the soft parameters by hand. The essential ingredient of this work is the assumption that there is a large hierarchy between the gaugino mass and soft masses for extra matters. This assumption seems to be reasonable since the gaugino masses can be suppressed by some sort of chiral sym-metry. We have also assumed non-universal gaugino masses or non-universal soft mass for components of a 5 + 5 pair. This is needed to construct concrete mediation models giving specific boundary conditions for the soft parameters. The model building, however, is beyond the scope of this study, and thus we leave it for future work.
Finally, the introduction of the extra matter leads to fruitful phenomenology. While the FCNC processes are suppressed in our setup, non-vanishing electric dipole moments (EDMs) for the electron and nucleons may be predicted at one-loop level if the b-term in the Higgs potential is non-zero at the GUT scale. Even if the b-term at the GUT scale is zero, the EDMs may get the two-loop contributions by integrating out the vector-like extra matter [32] . The gauge coupling constants at the GUT scale are larger due to the introduction of the extra matters, and this implies that the X-boson proton decay rate is enhanced [33] . Introduction of the extra matter leads to new phenomenology which should be pursued further.
Appendix

A Renormalization Group Equations
Here, we give the modification of the RGEs for soft parameters. We follow the notation of Ref. [18] . In our model, we should modify some RGEs between the input scale (GUT scale) and 1 TeV, where we integrate out the SUSY partners and vector-like multiplets.
First, we consider the modification of the RGEs for squared masses of squarks and sleptons. This modification is divided into two parts; one is proportional to the soft masses of extra scalar fields, the other relates to the gaugino masses. We include the scalar mass contributions from extra vector-like multiplets. The corresponding part of the RGEs is the following:
where
Here, indices (A = 1-3) represent the SM gauge group and we adopt the GUT normalization for U (1) Y coupling, that is g If we include the additional contribution from vector-like multiplets, the quantities introduced above are modified as follows: Here, n 5 and n 10 , respectively, represent the numbers of the 5 + 5 and 10 + 10 pairs. Q , L , U , D , and E represent the additional superfields that have the same quantum numbers as the MSSM ones; on the other hand, Q , L , U , D , and E represent the fields with opposite quantum number.
Including the contributions proportional to the gaugino masses, we obtain the total modification of the soft scalar mass RGEs, 
Here, we ignore the contributions from Yukawa couplings between extra vector-like pairs and MSSM Higgs doublets. The two-loop beta functions in the presence of SU (5) complete vector-like multiplets are given in Ref. [34] . The two-loop RGEs for MSSM Yukawa couplings are corrected via the anomalous dimension for the MSSM Higgs doublets, 
